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Abstract 

The study of the mechanisms underlying both neural development and functioning in vivo 

is today possible thanks to light sheet fluorescence microscopy (LSFM) techniques, such as 

single plane illumination microscopy (SPIM). In this project, we develop a methodology to 

image developing zebrafish embryos using the SPIM. This allows us to identify neural 

structures expressing an extracellular matrix protein, F-spondin, and to characterize 

migration patterns of optic tectum (Tec) neurons. We imaged zebrafish embryos (transgenic 

line spon1b:GFP) from 24 to 70 hours post-fertilization (hpf), and identified possible 

primordia of olfactory bulbs (OB) and habenular (Hb) progenitors at 24 hpf. Additionally, 

we performed 2D and 3D image processing, and obtained single cell trajectories of the Tec 

neurons, applying drift correction algorithms to account for shifts during development. 

Through mean-square displacement (MSD) analysis we obtained that these neurons could 

be exhibiting a combined type of motion, pure and directed diffusion. However, we suggest 

that more datasets are required in order to achieve statistical significance and to determine 

the mechanisms that might be important in guiding cell migration during optic tectum 

development. 

 

Resumen 

El estudio de los mecanismos que subyacen el desarrollo y funcionamiento del sistema 

nervioso in vivo es posible hoy en día gracias a técnicas de microscopía de fluorescencia de 

hoja de luz (LSFM), como la microscopia de iluminación selectiva de planos (SPIM). En este 

proyecto desarrollamos una metodología para tomar imágenes de embriones de pez cebra 

en desarrollo usando el SPIM. Esto nos permite identificar estructuras neuronales que 

expresan una proteína de la matriz extracelular, F-spondin, y caracterizar patrones de 

migración de neuronas del techo óptico (Tec). Obtuvimos imágenes de embriones de pez 

cebra (línea transgénica spon1b:GFP) entre las 24 y 70 horas post-fertilización (hpf), e 

identificamos posibles primordios de bulbos olfatorios (BO) y progenitores de la habénula 
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(Hb). Adicionalmente, realizamos procesamiento de imágenes en 2D y 3D, y obtuvimos 

trayectorias individuales de las neuronas del techo óptico, aplicando algoritmos de 

corrección de drift, considerando el efecto de los movimientos durante el desarrollo. Por 

medio del análisis del desplazamiento cuadrático medio (MSD) encontramos que estas 

neuronas podrían estar exhibiendo un tipo de movimiento combinado de difusión pura y 

dirigida. Sin embargo, sugerimos que es necesario recolectar más datos con el fin de reportar 

una mayor significancia estadística y determinar los mecanismos que pueden ser 

importantes guiando la migración celular durante el desarrollo del techo óptico. 
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List of abbreviations 

 

Abbreviation Meaning 

LSFM Light sheet fluorescence microscopy 

SPIM Single plane illumination microscopy 

LSCM Laser scanning confocal microscopy 

AOTF Acousto-optical tunable filter 

NA Numerical aperture 

PSF Point Spread Function 

FEP Fluorinated Ethylene Propylene 

dpf Days post-fertilization 

hpf Hours post-fertilization 

ECM Extracellular matrix 

CAM Cell adhesion molecule 

CNS Central nervous system 

A Anterior 

P Posterior 

D Dorsal 

V Ventral 

(n)MLF (Nuclei of the) Medial longitudinal fasciculus 

Tec Optic tectum 

OB Olfactory bulbs 

Hb Habenula 

Di Diencephalon 

Tel Telencephalon 

FR Fasciculus retroflexus 

mn Motor neuron 

GFP Green fluorescent protein 
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RFP Red fluorescent protein 

DAPI 4',6-diamidino-2-phenylindole 

MSD Mean squared displacement 

MIP Maximum intensity projection 

LUT Look-up table 
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1. Introduction 

 

The developing nervous system is an intrinsically dynamic complex requiring several 

spatial and temporal patterns, guided by different types of molecules. Hence, the 

understanding of the mechanisms underlying both neural development and functioning 

are today one of the greatest interests and most challenging topics in research. Recent 

advances in physics have allowed a better approach to study these processes in vivo 

through light sheet fluorescence microscopy (LSFM) techniques, such as single plane 

illumination microscopy (SPIM). These microscopes use a cylindrical lens to focus a 

Gaussian beam, producing a light sheet to selectively illuminate one plane of the sample, 

orthogonal to the detection axis. It allows a multidimensional reconstruction with 

improved axial resolution (compared for example to confocal microscopy), high 

acquisition rates and image quality, long term time-lapse imaging and reduced 

phototoxicity (light-induced damage), since only the observed volume is illuminated [1].  

 

One of the most widely used animal models in developmental biology and microscopy 

applications is the zebrafish (Danio rerio). It exhibits high transparency and has small 

sizes in early developmental stages. They are also easy to grow and reach sexual 

maturity within three months after fertilization, being able to provide approximately 

two hundred eggs per week when healthy. Embryos develop externally and rapidly, 

such that most organs are formed and functioning within five days post-fertilization 

(dpf) [2]. Furthermore, zebrafish have then been very useful in bridging the gap between 

cell, molecular and developmental biology, since there is a growing number of 

transgenic lines available due to its amenability to genetic manipulation [2]. In 

particular, zebrafish is widely used to study the nervous system. 

 

An important aspect in neural dynamics during development are the patterns of cell 

migration in response to different cues, which give rise to a unique organization shaping 

tissues in the developing embryo. Various mechanisms have been associated to cell 
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movement, being the extracellular matrix (ECM) one of the most described guidance 

modes [3]. Due to its heterogeneity, this complex mesh of proteins and polysaccharides 

enables cells to adhere, polarize or orient migration through a guided contact. 

Additional cues such as gradients in ECM adhesiveness, rigidity, substrate deformation, 

anisotropies in cell-cell contacts, and polarized chemical signals are required for cells to 

define a preferred direction [3]. In particular, migrating neurons show a series of 

synchronized steps during this process; they extend a leading edge (leading process), 

consisting on the elongation of axons or dendrites, they translocate the nucleus 

(nucleokinesis), and retract the trailing process [4].  

 

A relatively novel ECM molecule is F-spondin, a well conserved vertebrate protein 

highly expressed in the floor plate of the developing embryo [5]. Because of its structural 

similarity to other ECM molecules implicated in neural development, such as reelin and 

mindin, F-spondin can bind to the ECM and promote neuronal outgrowth, being an 

adhesion and axon guidance molecule.  In vitro studies have shown that this protein 

enhances neurite outgrowth, promotes nerve precursor differentiation and accumulates 

in the ECM around developing peripheral nerves [6]. In zebrafish, the mammalian 

homolog spon1b has an early expression onset and is produced by neurons extending 

long neuronal tracks in the central nervous system (CNS), or in peripheral tissues with 

active patterning or proliferation, both in embryos and adults [7]. 

 

Even though studies have shown the role of F-spondin as a guiding molecule in vitro, 

there is a lack of in vivo studies on the function of F-spondin during development. Given 

the suitability of zebrafish embryos for research on developmental biology and 

microscopy techniques, the transgenic line spon1b:GFP, expressing green fluorescent 

protein (GFP) under the promotor of the spon1b gene, is a valuable model to achieve a 

better description of F-spondin functions in the developing nervous system. 

Consequently, in this thesis project we develop a method based on using the SPIM to 

image and follow the migration patterns of neurons in the optic tectum, a prominent 
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dorsal region of the midbrain [8], expressing F-spondin during early developmental 

stages of zebrafish. Initial analyses using mean-square displacement (MSD), which is an 

averaged measurement of displacement used to characterize particle motion, suggest 

that these neurons could be exhibiting pure and directed diffusion, despite the fact that 

they all express F-spondin and call for more experiments. This implies that neurons 

could be moving randomly, and then switching to a directed mechanism possibly in 

response to developmental cues guiding cell migration.  

 

 

2. Background 

 

2.1. Principles of Single Plane Illumination Microscopy (SPIM) 

Single or selective plane illumination microscopy (SPIM) is a light sheet fluorescent 

microscopy (LSFM) technique developed in 2004 by Huisken and colleagues to face 

the challenges of imaging living biological specimens. By selectively illuminating 

one plane of the sample with a light sheet orthogonal to the detection axis, the SPIM 

allows a multidimensional reconstruction with advantages such as improved axial 

resolution, high acquisition rates, an increase in image quality, long term time-lapse 

imaging and reduced photodamage [1]. Hence, the main application of this 

microscope has been in the field of developmental biology and functional genetics 

to image living organisms, from single cells to whole embryos, but it can also be 

used for fixed and cleared specimens [9][10]. 

 

2.1.1. Basic building units of the SPIM 

 

The simplest SPIM setup is composed of five basic units (see Fig. 1). First, the 

laser unit produces a collimated beam from the light source (e.g. argon lasers, 
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HeNe lasers, or diode pumped lasers), and a dichroic mirror can be used to 

couple different lasers. The beam then enters the acousto-optic tunable fiber 

(AOTF) to select the beam wavelength and adjust its power [11]. Second, the 

illumination unit receives the collimated beam and its diameter is modified 

through a couple of lenses working as a beam expander. A cylindrical lens 

focuses the beam into the back focal plane of the illumination objective and 

the output is the light sheet, which is the selective plane of illumination [12]. 

It is important to note that a cylindrical lens used in combination with the 

objective is optically superior to the single cylindrical lens [12]; they tend to 

introduce optical aberrations because they are not easily available as well-

corrected elements with an appropriate numerical aperture (NA)1 [11].  

 

The detection unit consists of an objective lens, a filter wheel, a tube lens, and 

a wide-field detector. Water dipping lenses are commonly used because they 

are specially suitable for biological specimens, however, air lenses can be 

utilized if a lower magnification is required [14].The filter wheel, which is 

computer-controlled, blocks excitation light and only the fluorescent signal 

from the sample is transmitted [11]. Given that the objective and the tube lens 

form a telecentric optical system2, a primary image of the plane of interest is 

formed on the pixels of the camera  [12]. Since both the detection and 

illumination arms are fixed, the sample is mounted in a movement unit, in 

which movement is allowed along the three dimensions and it can also be 

rotated around its vertical axis [14]. In this way, the light sheet is always on 

the focal plane of the detection objective, and by rotating and moving the 

                                                           
1 Numerical aperture (NA): Dimensionless measure of the ability of an optical system to gather or emit light, 

defined as NA = n sinα, where n is the refractive index and α denotes the half angle of the maximum light cone 

entering or exiting the lens [13]. 
2 Telecentric optical system: System in which tilting or moving the sample in or out for focusing does not change 

the magnification [15]. 
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sample along the optical axis of detection and illumination, sectional images 

can be obtained to get 3D reconstructions. 

 

 

Figure 1. Basic building units of a SPIM: laser unit, illumination unit, 

detection unit, movement unit, control unit and an auxiliary unit [11]. 

 

Finally, the control unit manages the interaction between the units, operating 

the hardware and controlling the data acquisition process [11]. Using a 

customized software, this unit checks the status of the mechanical parts, the 

stages and the filter wheel are positioned and the illumination wavelength 

and the power are set. For image acquisition, the exposure period is adjusted, 

initial and final positions are set, and, if a time-lapse recording is to be 

performed, the number of repetitions in time is also defined with this unit 

[11]. 
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Figure 2. Optical sectioning in the SPIM. The data set 

(red square) is obtained by illuminating the sample 

plane by plane, resulting in a stack of planes to give 

the 3D reconstruction (modified from [1]). 

 

2.1.2. Optical sectioning  

As previously mentioned, an important feature of the SPIM is given by its 

optical sectioning (see Fig. 2), that permits 3D imaging by illuminating the 

sample plane by plane, distinguishing the in-focus signal from out-of-focus 

background [16], thereby obtaining high quality information without 

physically sectioning it. Other approaches to achieve optical sectioning 

include image processing techniques, and illuminating the whole sample but 

detecting only a restricted volume [13]. Nonetheless, image processing does 

not section optically in real time and it is itself a lengthy process. The second 

approach, which is used in laser scanning confocal microscopy (LSCM), is 

not efficient rejecting out-of-focus light in scattering tissue and is slow in 

raster imaging3. Additionally, given that the light is not axially confined, 

phototoxic and photobleaching effects are greater [13]. These drawbacks are 

                                                           
3 Raster imaging: Process in which the final image is built up piece by piece through the sequential 

illumination and detection of small areas [13]. 
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solved with the optical sectioning used in the SPIM, making it minimally 

invasive and highly appropriate for biological specimens. 

 

2.1.3. Spatial resolution 

 

In single view imaging, axial resolution4 is inferior to lateral resolution by 

approximately one order of magnitude. This occurs because lateral resolution 

depends on the NA of the objective and the wavelength of the fluorophore 

[13]. However, since in real optic systems contrast also limits resolution, 

when imaging with a light sheet (sectioning optically), contrast is better 

compared to imaging with uniform illumination and resolution can be 

increased [1]. On the other hand, given that light converges towards the 

sample and diverges away from it, light sheet thickness (lateral width) 

depends on the field of view it illuminates and defines the attainable axial 

resolution [17]. In this sense, a thin light sheet (~1 μm) will diverge rapidly, 

favoring imaging of small samples (~20-100 μm). A thicker light sheet (~5-10 

μm) will overcome the rapid divergence, but will yield a lower axial 

resolution, being more appropriate for larger samples (~1-5 mm). In general, 

if the light sheet is thinner than the axial extent of the detection point spread 

function (PSF)5, then axial resolution is improved and is not dominated by 

the detection lens NA [1]. Equally important, because image quality 

diminishes with penetration depth, one can compensate this effect by 

multiview reconstruction; with this algorithm, high resolution information in 

one view is favored over low resolution information in other views [1] and 

isotropic resolution can be achieved. 

                                                           
4 Axial resolution: Resolution along the optical axis of the detection lens [13]. 
5 Pont spread function (PSF): 3D diffraction pattern of light emitted from an infinitely small point source in the 

specimen and transmitted to the image plane through a high NA [18]. 
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2.1.4. Imaging speed and quality 

 

In LSFM, imaging speed and signal-to-noise ratio are particularly high 

because data is collected in parallel through the detection system; i.e., signal 

detection from many volume elements is made simultaneously and not voxel 

by voxel. Light sheet microscopes use cameras with high dynamic ranges, 

such as CCD (charge-coupled device) cameras, providing signal-to-noise 

ratios ranging from 100:1 to 10000:1 [19]. As noted before, this allows the 

application of further image processing techniques, such as deconvolution 

algorithms, to increase image resolution [13]. Furthermore, high acquisition 

rates of the SPIM reduce significantly recording times, which results in a 

lower exposure to phototoxicity.   

 

2.2. F-spondin protein and the extracellular matrix (ECM) 

 

2.2.1. The extracellular matrix (ECM) 

 

The extracellular matrix (ECM) is a complex and dynamic network of 

proteins and polysaccharides secreted, organized and degraded by cells from 

different tissues [20]. This matrix structures intercellular spaces and acts as a 

scaffold for cell adhesion, mediating cell migration and allowing cells to exert 

mechanical forces and to elicit signal transduction events. Additionally, it is 

important to determine cell fate through biochemical or biomechanical cues, 

and it regulates the temporal and spatial localization of most growth factors6. 

In this sense, the ECM environment can affect cell polarity, survival, 

proliferation, and differentiation [21]. 

 

                                                           
6 Growth factor: Extracellular signal protein that can stimulate cells to grow or even to survive or proliferate 

[20]. 
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2.2.2. F-spondin and its role during development 

 

F-spondin is an ECM protein highly expressed in the floor plate, a 

nonneuronal cell group involved in controlling neural cell pattern and axonal 

growth during neural development in vertebrates [5]. The protein sequence 

consists of approximately 800 amino acids, with the N-terminal7 domain 

containing regions homologous to reelin and mindin, which are also 

extracellular matrix molecules implicated in neural development, and the C-

terminal8 domain containing six thrombospondin repeats [6]. This domain 

allows binding to the ECM and promotes neuronal outgrowth along the 

basement membrane beneath the floor plate, while the N-terminal inhibits 

neuronal outgrowth binding to low density lipoprotein receptor family 

members expressed in the floorplate [22].  

 

During development, F-spondin is known to be an important player in 

embryonic morphogenesis, being an adhesion and axon guidance molecule 

[5].  In vitro studies have shown that this protein enhances neurite outgrowth 

and is expressed in regions experiencing neurogenesis; it also promotes nerve 

precursor differentiation and accumulates in the ECM around developing 

peripheral nerves [6][7]. In zebrafish, the mammalian F-spondin gene has 

two homologs, spon1a and spon1b; the later has an earlier expression onset 

and a higher mRNA abundance, and it is present in the telencephalon, 

diencephalon, mesencephalon, hindbrain, and spinal cord [7]. Moreover, F-

spondin is produced by neurons extending locally or forming long neuronal 

tracks in the central nervous system (CNS), and it can also be expressed in 

                                                           
7 N-terminal domain: The end of a polypeptide chain that carries a free α-amino group [20]. 
8 C-terminal domain: The end of a polypeptide chain that carries the carboxyl (-COOH) group [20]. 
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peripheral tissues with active patterning or proliferation, both in the 

developing and adult zebrafish [7]. 

 

 

Figure 3. Scheme showing an example of an ECM in the central nervous system with its 

major components: the basement membrane, perineuronal nets and the neural interstitial 

matrix [23]. 

 

2.3. Cell migration during development 

 

Cell migration during development is a highly dynamic and complex biological 

process involving changes both in morphology and organization. The mechanisms 

underlying cell migration have been assessed mainly through in vitro studies (cells 

in 2D and 3D cultures), and more recently in vivo, using animal models during 

embryonic development. In this stage, cells are immersed in a continuously 

changing environment, being very difficult to identify a precise guidance cue 

leading to migration, and to determine whether it acts at an individual or at a 

collective level. However, principles of cell migration found in vitro have helped 
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explaining guidance mechanisms during development, including random cell 

motility, contact inhibition cell locomotion, chemotaxis, large-scale ECM flow, and 

ECM and cell-cell mediated contact guidance [3]. 

 

2.3.1. ECM and cell-cell mediated contact guidance  

 

Contact guidance is the process by which cells use the heterogeneity of the 

ECM as a cue to adhere, polarize, and orient their migration. This was 

described in vitro by observing cells and axons in 2D cultures elongating and 

migrating following the topography of the substrate [24]. In this sense, the 

ECM can be aligned in a defined direction, it can be a randomly organized 

fibrillary meshwork, or tension can be exerted on the ECM (substrate 

stretching) to align fibrils and orient cell movements [3]. Furthermore, 

through this mechanism cells use additional cues to determine a preferred 

direction during migration, such as gradients in ECM adhesiveness, rigidity, 

substrate deformation, anisotropies in cell-cell contacts, and polarized 

chemical signals  [3].  

 

In cell-cell guided migrations, cells change their direction of migration after 

contact with other cells. This mechanism is known as contact inhibition of 

locomotion and consists of four typical steps: (i) cell-cell contact, (ii) protrusion 

inhibition at contact site, (iii) formation of new protrusions away from contact 

site, and (iv) migration in the direction of new protrusions [25]. Through this 

mechanism, cells sense other cells through lamellipodial (for short range 

distances) or filopodial (for large range distances) extensions (see Fig 5), and 

cell surface molecules (e.g. cell-cell adhesion proteins) mediating this sensing 

mechanism can repolarize the colliding cell [3]. 
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During development, ECM contact guidance has been observed guiding 

mesenchymal cells in the teleost fin and the extension of mesodermal cells 

along ECM fibrils during amphibian gastrulation. Additionally, cell-

mediated contact guidance has been described for primordial germ cells (in 

Caenorhabditis elegans and Drosophila), and migration of precursors along pre-

existing neuronal/axonal and glial scaffolds in the brain also exhibit a contact 

guided mechanism [3]. 

 

 
Figure 4. Steps during neuronal locomotion. (a, b) Polarized extension of the 

leading process. (c) Reorientation of the centrosome. (d, e) Nucleokinesis. (f) 

Trailing process retraction [26]. 

 

 

2.3.2. Neuronal locomotion 

 

Neurons describe a movement, known as locomotion, consisting of three 

synchronized steps (see Fig. 4): 

 

1) Extension of the leading process:  

The direction of migration is selected in response to chemotactic cues, at 

the axonal (axonal growth cone elongation) or at the dendritic level 
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(dendritic growth cones or tips). It is not always followed by nuclear 

translocation  [27].  

 

2) Nucleokinesis: 

Translocation of the nucleus into the leading edge. This process defines 

cell migration [27]. 

 

3) Retraction of the trailing process: 

The migrating neuron eliminates its trailing process, leading to the net 

movement of the cell. However, some neurons (e.g. pyramidal cells) do 

not form trailing processes [4]. 

After these steps, a new migratory cycle can be initiated, and will be repeated 

until the cell reaches its final destination. During development, the distance 

traveled by the neuron will depend on the type and the developmental phase. 

It has been shown that bipolar neurons travel at speeds of 10-50 μm/h, while 

multipolar migration occurs at much lower speeds (~2 μm/h) [28].    

 

2.3.3. Axon elongation and pathfinding 

 

During development, neurons extend their neurites9 to find its destination 

within the changing extracellular environment. Being a key mechanism for 

the correct patterning of the nervous system, it is important to gain 

knowledge about the mechanisms controlling axonal outgrowth and 

guidance. As previously mentioned, the growth cone is a highly motile and 

sensory structure capable of integrating external information to modulate 

outgrowth and guidance. The axon will move through a path dictated by 

                                                           
9 Neurite: Long process growing from a nerve cell. It can be an axon or a dendrite [20]. 
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surface adhesion molecules secreted by neighboring cells, such as 

transmembrane cell adhesion molecules (CAMSs), anti-adhesive surface-

bund molecules (slits and ephrins), and by the dense ECM (e.g. laminin and 

fibronectin) [29]. Additional diffusible chemotropic cues (e.g. morphogens, 

transcription factors, neurotransmitters) are used to provide directionality to 

the axon [29]. 

 

 
Figure 5. Axonal guidance by extension of the growth cone. The path is 

determined by the ECM, adhesive and repellent molecules, and chemotropic 

cues (modified from [29]). 

 

 

2.4. Principles of 3D diffusion 

 

Diffusion is defined as the random migration of particles due to thermal energy 

[30]. The 3D particle trajectory consisting of N observed positions at N time points, 

separated a time interval △ 𝑡, is given by {𝐫𝑖}𝑖=1
𝑁 , with 𝐫𝑖 = (𝑥𝑖, 𝑦𝑖 , 𝑧𝑖). Consequently, 

the particle displacements are calculated as {△ 𝐫𝑖}𝑖=1
𝑁−1 = {𝐫𝑖+1 − 𝐫𝑖}𝑖=1

𝑁−1. However, a 

more common and informative quantity to characterize particle motion is the mean-

square displacement (MSD) along a single particle trajectory for time lags τ: 
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𝑀𝑆𝐷(𝜏) = 〈△ 𝐫(𝜏)2〉 =
1

𝑁−𝜏
∑ |𝐫𝑖+1 − 𝐫𝑖|2𝑁−𝜏

𝑖=1                   (1)  

 

Then, for each τ there are (N – τ) samples derived from the trajectory, such that the 

variance of the MSD increases with τ [31]. In a given dimension d, the expressions 

for the MSD in different types of diffusion are the following [32]: 

 

Normal diffusion: 〈𝑟2〉 = 2𝑑𝐷0𝜏                       (2) 

Hindered normal diffusion: 〈𝑟2〉 = 2𝑑𝐷𝜏, 𝐷 < 𝐷0           (3) 

Anomalous subdiffusion: 〈𝑟2〉 = 2𝑑𝐷𝜏𝛼 , 𝛼 < 1           (4) 

Directed diffusion: 〈𝑟2〉 = 2𝑑𝐷0𝜏 + 𝜈2𝜏2          (5) 

Confined diffusion: 〈𝑟2〉 = 𝑅𝑐
2[1 − 𝑒−2𝑑𝐷𝜏/𝑅𝑐

2
]   (6) 

 

 
Figure 6. Mean-square displacement curves as function of time for normal 

diffusion, anomalous subdiffusion (α = 0.695), confined diffusion, and 

directed motion [32]. 
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In normal diffusion, the MSD is a linear function of time, with the diffusion 

coefficient being constant, while in hindered normal diffusion the coefficient is 

reduced. In anomalous subdiffusion time is proportional to some power α < 1, and 

the diffusion coefficient becomes also time-dependent. This cases result of 

deviations from the central limit theorem. Additionally, directed motion can be the 

linear combination of pure diffusion (2𝑑𝐷0𝑡) and a quadratic dependence on time. 

Finally, for confined diffusion the MSD behavior is normal for short times, and for 

long times it tends to a constant defined by the size of the confinement (𝑅𝑐
2) [31][32]. 

In Fig. 6. we see the general behavior of the MSD curves for the distinct types of 

diffusive motion. 

 

These MSD curves are very useful to determine the type of motion, given the 

trajectory of the particle. One approach assesses the deviation of the MSD curve 

from linearity (deviations from pure diffusion) quantifying the difference between 

the observed MSD curve at long time lags and the MSD linear fit considering small 

time lags. In general, a downward curvature corresponds to constrained or 

anomalous motion, whereas upward curvatures are typical for directed motion 

(which can be observed at longer time scales) [33]. None the less, it is important to 

note that MSD curves for pure diffusion can present deviations from linearity itself, 

since diffusion is inherently stochastic, giving rise to statistical variance [34].    

 

A second approach consists on classifying the trajectories according to the fit value 

α, obtained from the log-log plots (log 𝑀𝑆𝐷(𝜏) = log(2𝑑𝐷) + 𝛼 log(𝜏)), to measure 

the degree of directed or confined motion. Because of the time dependence of 

diffusive motions, a value of 1 would describe normal diffusion, and a value of 2 

would correspond to directed motion, with intermediate values being the 

contribution of both pure and directed diffusion [35]. Finally, for subdiffusive 

processes (confined or constrained) α < 1 [31].  
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3. Experimental procedures 

 

3.1. Fish lines and manipulation  

 

3.1.1. Animal care and maintenance 

 

Two zebrafish (Danio rerio) lines were used, AB wild type strain and 

spon1b:GFP. The latter expresses green fluorescent protein (GFP) under the 

control of the spon1b promotor. Lines were housed in a 14 h light-10 h dark 

cycle, at 27 ± 1 °C, in a pH (7.0–7.4) controlled multi-tank recirculating water 

system (Aquaneering Inc.). Animals were fed once a day with live brine 

shrimp (Artemia sp.), enriched with rearing food (Vipagran Baby). All 

protocols were approved by the Institutional Animal Care and Use 

Committee (CICUAL) of Universidad de los Andes (code C.FUA_15-029).  

 

3.1.2.  Breeding protocol and embryo collecting 

 

Selected males and females (AB wild type x Tg(spon1b:GFP) or 

Tg(spon1b:GFP) x Tg(spon1b:GFP)) were transferred to a breeding tank. 

Females have round, protruding bellies where eggs are stored, they are larger 

compared to males, and the dorsal fin has a yellowish coloring. Males have a 

stream-lined body shape, they have darker blue stripes, and pectoral fins also 

have dark stripes. Males are generally more active than females [36]. The 

breeding tank was marbled and enriched with artificial plant material to 

enhance spawning and protect eggs.  Mating were set during the afternoon 

and left overnight. Eggs were collected next morning between 10 am and 12 

m with a strainer. Using egg water (see Apendix A), embryos were washed 

off the strainer into a petri dish. To keep embryos healthy, water was cleaned 
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by removing debris or dead embryos with a Pasteur pipet. Embryos were 

raised at 27 °C ± 1 °C before being manipulated. 

 

3.1.3.  Embryo dechorionation and screening 

 

Embryos at 24 hpf were screened for the presence of GFP under a fluorescent 

stereoscope (Nikon AZ100M) with exposure times of 1 or 2 s (Hg precentered 

fibre illuminator, Nikon Intensilight C-HFGI). Positive embryos were 

identified by the high fluorescent signal along the notochord, and were 

subsequently transferred to a different petri dish. After screening, embryos 

were dechorionated by carefully tearing the chorion (the external membrane 

of the embryo) with two sharp forceps (Dumont #5). We grabbed opposing 

ends of the chorion with the forceps, and pulled gently from one end to 

remove the chorion. This was done under a stereoscope in order to have a 

larger view of the embryo, and avoid any damage.  

 

3.1.4. Embryo mounting 

 

Screened and dechorionated embryos were transferred individually to a 2 

mL Eppendorf containing preheated 0.1% low melting point agarose and 

Tricaine to a final concentration of 130 ppm (130 mg/L) to anesthetize the fish. 

The embryo was taken up using a micropipette (5 μL) attached to one end of 

a 3 cm Fluorinated Ethylene Propylene (FEP) tube. With the embryo in a 

straight position, the tube was plugged with 1% agarose (see Appendix B for 

the protocols of material preparation). To correct sample orientation, altering 

the speed of drawing up and avoiding subsequent movements of the 

micropipette can be helpful [37]. Multiple specimens were mounted (at least 

five embryos) and the mounting quality was assayed under the stereoscope, 

before transferring for imaging to the SPIM. 
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3.2. SPIM in vivo observation 

 

Prior to any observation, the SPIM was aligned and calibrated using 2.5 μm 

diameter fluorescent beads (AlignflowTM Flow Cytometry Alignment Beads for Blue 

Lasers, Life Technologies) embedded in 1% agarose, in a FEP tube. 

 

3.2.1.  SPIM setup 

The optical setup consists on an array of silver mirrors (Thorlabs PF10-03-

P01) enabling the coupling of multiple light sources. An AOTF (model 

AOTFnC-400.650, Opto-electronic) was used to select the desired wavelength 

and power. For this experiment, only a 488 nm diode pumped laser (CL-2000, 

CrystaLaser) was required. A periscope (9920 45° Mirror Adapter, Newport) 

was necessary to increase the height of the beam for the illumination unit. 

The beam then passes through the beam expander, consisting of a -30 mm 

focal length concave lens followed by a 200 mm concave lens. It was then 

focused by the cylindrical lens (100 mm focal length, Thorlabs) onto the 

entrance pupil of a 10x/0.25 objective lens (N plan 506259, Leica) facing the 

specimen chamber, forming the light sheet (axial value of 1.6 μm). For 

detection, 40x water dipping objective lens (NIKON, NIR Apo, 0.8W) was 

used, a tube lens (200 mm focal length), a filter wheel (filter HQ525/50M), and 

a Neo sCMOS camera (ANDOR).  

 

The specimen chamber was filled with a solution of Tricaine stock (1.2 mL) 

and egg water (45 mL) (final concentration should be 130-200 mg/L), and a 

temperature of 27.5 ± 0.5 °C was set using a temperature control system. The 

FEP tube with the embedded embryo was positioned in the chamber as 

shown in Fig. 7. The desired orientation was attained with a multi-

micromanipulator system (MP-200, Sutter Instrument), for movements in the 
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x, y or z axis, and a DC servo controller (model CONEX-CC, Newport) for 

rotations in the z axis. (See Appendix C for a top view of the SPIM setup). For 

zebrafish brain imaging, the head of the embryo should be positioned in the 

beam waist to attain a dorsal view. An additional alignment step can be done 

using the mounted sample, in case the signal is not optimal. 

 

 

Figure 7. SPIM setup. (A) Lateral view of the SPIM setup showing the cylindrical lens (cyl), the 

illumination objective (ill obj), the specimen chamber (ch), the sample holder (s hold), and the 

detection objective (det obj). (B) The light sheet is formed when passing through the cylinder 

and the illumination objective. The sample (s) in the tube is immersed in the specimen chamber 

(ch) and the illuminated plane is detected orthogonally by detection objective (modified from 

[13]). (C) Top view of the specimen chamber showing the light sheet for illumination. 

 

 

3.2.2. Image acquisition  

 

Image acquisition was performed with an automated SPIM software 

(developed in LabView 2013), customized for our microscope. After 
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positioning the head of the embryo in the beam waist to attain a dorsal view, 

initial and final z positions were set (1 μm step), while leaving x and y 

coordinates fixed. For automatic acquisition, z depth should range between 

200-300 μm in order to image the volume of interest in the brain, and to 

account for head shifts and rotations during development. For automatic 

time-lapse acquisition, z stacks (set of z planes spaced every micron) were 

taken every 30 min for 24 h with an exposure time of 0.2 s.  

 

3.3. Image processing for 2D visualization  

 

We used a MIP ColourCode script developed in FiJi ImageJ by Beretta and 

colleagues [38] to  produce a 2D visualization of the 3D data. With this method, the 

brightness of each pixel is determined by a maximum intensity projection (MIP) of 

the stack in each time point, and pixel colors are assigned based on the depth of the 

maximum value within the stack using a look-up table (LUT) color code. The script 

automatically detects the first and last planes within the stack that contains a high 

density of maxima pixels [39].  

 

Additionally, we applied image processing in FiJi ImageJ to data subsets in order 

to observe structures of interest. First, for the 16-bit raw images, we adjusted 

brightness and contrast levels in order to achieve a linear enhancement. No fixed 

parameters were used in this case, but selecting the “Auto” option was sufficient 

to achieve an enhancement. Next, we used nonlinear filtering using the gamma 

function (gamma value γ), which enables brightening dim objects without 

saturating the rest (γ < 1), or increasing contrast on bright elements (γ > 1). Useful 

values for our datasets were usually between 1-1.5, such that individual neurons 

were easily identified. Additionally, we did MIP on a set of selected z-planes 

containing the regions of interest, in order to attain a better visualization of the 

identified structures.  
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3.4. Image processing for 3D visualization and analysis 

 

For a complete visualization of the data, we used the software Bitplane imaris 

(version 8.2.0) to do a 3D reconstruction of the time-lapses. Given the large sizes of 

the original *.tiff data (100 Gb approximately), and to optimize the performance of 

the software, we converted the files to *.ims format (imaris series) and reduced 

them from 16 bit to 8 bit using the “Change data type” function, with the Data 

Range to Target Range option. In this case, actual data range values are 

interpolated to a narrower range (0-255), and this did not affect the single cell 

resolution, which is required for tracking purposes.   

 

We set the “Display adjustments” changing the intensity range (Min and Max) and 

the gamma correction to improve image display. With this function we set upper 

and lower intensity limits for the channel (corresponding to the fluorescence 

signal), linearly stretching the range between these two limits, similar to the 

brightness and contrast adjustment in FiJi. For gamma correction, values greater 

than 1 were again useful for display purposes. In some cases, using an automatic 

adjustment (“Auto” or “Auto Blend”) to detect the actual intensity range and set 

the corresponding maximum and minimum values can be useful. 

 

For cell tracking, since the number of cells (~20 spots) and time frames (48) was 

low, we performed manual tracking to be more precise. To correct the head 

movement of the zebrafish embryo, we applied the Correct Drift algorithm 

(considering translations and rotations based on the image polar coordinates) 

available in imaris. We used the center of mass of medial longitudinal fasciculus 

(MLF) and its nuclei (nMLF) as static points (see Fig. 8). This structure is a group of 

axons beginning in the nMLF towards the spinal cord, and is continuous along the 

midbrain and hindbrain, and the spinal cord. In zebrafish, these axons grow for 

considerable distances caudally but always along a longitudinal trajectory [40]. For 
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drift correction purposes, these structures were used as stationary reference points 

between 46-70 hpf, with respect to the developing neural structures that we aimed 

to follow in the zebrafish brain (optic tectum, Tec).  

 

 

Figure 8. Top view of the zebrafish brain (46 hpf) reconstructed in imaris. The center of 

mass of the MLF and the nMLF (white circles) used for the drift correction algorithm are 

shown. Arrows point the nMLF used to manually correct the data.    

 

We exported tracking information with migration variables, both for the original 

data and the drift corrected data and analyzed it in the software R. To manually 

correct the data, we obtained the positions and velocities of the moving neurons 

relative to the nMLF, in the left and right side of the brain. For this calculation, we 

used the same formulae that the imaris software uses to compute the speed and 

displacement variables [41], in order to be able to compare the correction methods 

(manually and drift corrected data): 

 

�̅�2(△ 𝑡) = ∑ 𝐷𝑥(𝑡, 𝑡 −△ 𝑡)2 + 𝐷𝑦(𝑡, 𝑡 −△ 𝑡)2 + 𝐷𝑧(𝑡, 𝑡 −△ 𝑡)2𝑡𝑓

𝑡=𝑡𝑟+△𝑡               (7) 
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𝐷𝑖(𝑡, 𝑡 −△ 𝑡) = 𝑖(𝑡) − 𝑖(𝑡 −△ 𝑡), 𝑖 = 𝑥, 𝑦, 𝑧                                   (8) 

  𝑆(𝑡) =
√𝐷𝑥(𝑡+1,𝑡−1)2+𝐷𝑦(𝑡+1,𝑡−1)2+𝐷𝑧(𝑡+1,𝑡−1)2

𝑇(𝑡+1)−𝑇(𝑡−1)
                                  (9) 

𝑆(0) =
√𝐷𝑥(𝑡1−𝑡0)2+𝐷𝑦(𝑡1−𝑡0)2+𝐷𝑧(𝑡1−𝑡0)2

𝑇(𝑡1)−𝑇(𝑡0)
                                    (10) 

𝑆(𝑛) =
√𝐷𝑥(𝑛−1,𝑛)2+𝐷𝑦(𝑛−1,𝑛)2+𝐷𝑧(𝑛−1,𝑛)2

𝑇(𝑛)−𝑇(𝑛−1)
                                (11) 

 

3.5. Mean-square displacement (MSD) analysis  

 

For 3D image analysis we used the mean-square displacement (MSD) analyzer 

developed by Tarantino and colleagues [42], in the software MATLAB. We exported 

the cell tracks from imaris, and we subset the data of interest in R to be analyzed in 

MATLAB. A drift correction is also possible with this package. After computing the 

MSD for the track, the program takes the first 25% of the curve to calculate the 

corresponding α value from the log-log fit. A complete tutorial by the developers is 

available for this analyzer (visit https://tinevez.github.io/msdanalyzer/). 

 

4. Results 

 

4.1. Imaging neurons in the developing zebrafish: identification of neural 

structures between 24 and 70 hpf  

 

Three time-lapse recordings were performed on developing zebrafish embryos, 

during different developmental stages, in order to determine a period suitable for 

observation and the structures that can be distinguished with enough quality for 

https://tinevez.github.io/msdanalyzer/
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analysis. First, due to movements of the zebrafish embryo during development, 

certain developmental stages (before 36 hpf) are more challenging both for automatic 

acquisition and image processing. However, it was possible to identify neural 

structures expressing F-spondin early during zebrafish development, from 24 hpf, 

which has not been reported in previous work. 

 

4.1.1. Observations of the developing zebrafish between 24 and 38 hpf:  

primordia of olfactory bulbs and habenular progenitors 

 

The developing zebrafish embryo exhibits a characteristic head rotation, 

which is particularly evident between 24 and 36 hpf. Given that the zebrafish 

embryo is embedded inside an FEP tube, if the fish does not have a perfect 

vertical orientation head shifts can affect accurate image acquisition, because 

the volume being sampled can eventually get out of focus, losing crucial 

information about developing structures. We observed this effect in a 14 h 

time-lapse recording of a 24 hpf embryo (see Fig. 9). 

 

 

 
Figure 9. 14 h time-lapse recording of a 24 hpf zebrafish embryo. Three time points are shown as 

maximum intensity projections (MIP) of the z-planes. The dotted oval encloses the head of the 

zebrafish and it does not retain the same position throughout the recording. Scale bars: 50 μm.  

 

As mentioned before, although these movements affect automatic 

acquisition, because of the early onset of spon1b, neural structures expressing 

GFP were clearly observed at 24 hpf, specially along the diencephalon and 
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telencephalon. We found two bilateral clusters of cells, one located at the 

ventral telencephalon, and the other in the dorsal diencephalon. Given the 

localization in the telencephalic region, and the organization of the group of 

neurons, anatomical comparisons [43] suggest that these clusters could be the 

primordia of the olfactory bulbs (OB) (see Fig. 10).  Additionally, from the 

projected view of these region, we were also able to observe axonal 

projections from opposing neurons towards the midline (see Fig. 11).  

 

 

Fig. 10. (A). Frontal view of the head of the zebrafish showing the olfactory bulbs (OB) at 24 

hpf. Scale bar: 50 μm. (B) Schematic view of the head of the zebrafish showing the olfactory 

bulbs and the olfactory epithelium (OE) [43]. (C) Frontal view of z-projected confocal images 

showing the OB and OE in zebrafish at 31 hpf [43]. Di (Diencephalon), Tel (Telencephalon). 

 

 

For the other group of neurons, given that the habenula is part of the dorsal 

diencephalic conduction system and connects the forebrain with the mid and 

hindbrain  [38], we suggest that these second cluster could be the progenitor 
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cells of the habenular nuclei, as shown in Fig. 12. According to Aizawa and 

colleagues this region exhibits neurogenetic activity as early as 24 hpf for both 

the lateral and medial habenular subnuclei [44]. 

 

 

Figure 11.  Head of a 24 hpf zebrafish embryo. (A) MIP of the z-planes stack showing a symmetric cluster 

of neurons at the anterior part of the telencephalon. Scale bar: 50 μm. (B) Neurons in the symmetric 

cluster showing axonal projections from the midline. Scale bar: 20 μm. 

 

  

Figure 12.  (A). MIP of selected planes showing habenular progenitors located along the 

dorsal diencephalon, at 24 hpf. Scale bar: 20 μm.  (B) (C) (D) Dorsal views of stacked 

confocal images of the embryonic dorsal diencephalon [44]. BrdU labeling (red). 

Phosphohistone H3 antibody (pH3) labeling (green). Hb (Habenula). 
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4.1.2. Observations of the developing zebrafish between 45 and 70 hpf 

 

Between 45 and 70 hpf, head rotation is minimal and does not affect 

significantly image acquisition because the defined volume can be made 

sufficiently large (~200 μm) to account for drift of the sample. We acquired a 

24 h time-lapse on a 46 hpf embryo and a 16 h time-lapse on a 48 hpf. 

However, we noted that differences in the position of the mounted embryo 

determined which structures could be recorded with better quality. For 

instance, in the 24 h time-lapse, the Hb can be clearly identified (see Fig 13A) 

but not in a 16 h time-lapse, at any time point. However, in the 16 time-lapse 

we observed a symmetric cluster of neurons near the MLF with unknown 

origin (see Fig 13B) that were not registered in the 24 h time-lapse.  

 

With both datasets, it was possible to observe the nucleus of the medial 

longitudinal fasciculus (MLF), its projections and the pair of motor neurons 

in the hindbrain, Mauthner cells (see Fig. 13A-B). Particularly, in the 24 h 

time-lapse, at 70 hpf we observed long axonal projections from the Hb, the 

fasciculus retroflexus (FR) (see Fig. 14). At this stage, we observe that the 

habenular nuclei are apparently more developed and extended, according 

the increased size along the FR. 

 

A P 
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Figure 13. (A) Maximum Intensity Projections (MIP) of 20 z-planes containing the Hb nuclei 

(white arrows, blue dashed circles), the nucleus of the medial longitudinal fasciculus (nMLF) 

(green brackets), its projections (yellow arrows), and the Mauthner cells (red arrows). Scale 

bar: 50 μm. (B) MIP of z-planes containing an unknown paired cluster of cells (white dotted 

ovals), projections of the MLF (yellow arrows), and the Mauthner cells (red arrows). Scale 

bar: 50 μm. Confocal z-stack showing a dorsal view of zebrafish brain at 3 dpf. (C). 

Identification of the habenula (black arrowhead), the fasciculus retroflexus (FR) (black 

arrow), and optic tectum neurons (pink arrow), (D) the developing nMLF (arrowhead), MLF 

projections (arrow) and motor neurons (mn) of the reticular formation, Mauthner cells (red 

arrow). Scale bars: C-D: 100 mm (modified from [7]).  

 

 

A P 

nMLF 

C 

D 
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Figure 14. MIP of 20 z-planes showing the Hb circuit at 70 hpf. 

Blue arrows point the emerging fasciculus retroflexus (FR), and 

dashed ovals encircle the more developed habenular nuclei. 

Scale bar: 50 μm. 

 

 

 

Figure 15. Color code MIP showing a dorsal view of the head in zebrafish embryos at 46, 58 hpf, and 70 hpf 

(from top to bottom). LUT (look up table) shows the z color code with a z-depth value of 180 μm. White arrows 

indicate an individual neuron in the optical tectum (Tec). Scale bars: 50 μm. 

 

Furthermore, we were able to record individual optic tectum (Tec) neurons 

with good enough resolution, because they are more superficial in the 

zebrafish embryo brain. From the color coded MIP reconstruction (see Fig. 

15), we observed that cells in these region are possibly migrating by 

extending their axons. However, given that the head is not static during 

development, tracking corrected for drift was required in order to analyze 
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possible migration patterns of Tec neurons. Finally, Hb nuclei are apparently 

proliferating between the 46 and 70 hpf, but individual neurons are not easily 

identified due to their higher depth in the zebrafish brain. 

 

4.2. Tracking neurons in the developing optic tectum (Tec) between 46 and 70 

hpf 

 

From both the 2D and 3D reconstructions, the optic tectum neurons were clearly 

observed between 46 and 70 hpf, given that they are located dorsally in the zebrafish 

brain. However, the head exhibited a downward rotation towards the left side the 

first 13 h, and then remained more or less static. This issue was corrected with imaris 

using the Drift Correction algorithm, applying a rigid body transformation with the 

center of mass of the MLF and the nMLF as fixed coordinates. With this method, we 

were able to obtain individual trajectories of the Tec neurons to perform a 

subsequent analysis using mean squared displacement (MSD) (see Fig. 16). 

 

 

Figure 16. 3D reconstruction of the head of the zebrafish embryo at 70 hpf, showing the individual trajectories 

of the MLF and Tec neurons. (A) Non-corrected reconstruction showing the trajectories due to head rotation 

during development. (B) Corrected reconstruction showing the trajectories of individual cells in the optic tectum 

(Tec). Scale bars: 50 μm. 
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However, before correcting for drift, we still observed some fluctuations due to 

sudden changes in intensity between frames. These changes affected a precise drift 

corrected result, such that the MLF experienced some movement after the 

correction. Hence, before analyzing the individual trajectories, we decided to 

compare tracking information from the automatically drift corrected data from 

imaris, and the manually corrected data, by calculating migration variables 

(position, speed, and displacement squared) of the individual neurons, relative to 

the nMLF in each side, using the software R (see Apendix D). 

 

4.2.1. Tracking information from manually corrected data 

 

Before calculating relative positions for the left and right Tec neurons, we 

observe that non-corrected speed for both the individual neuron and the 

nMLF shows a similar behavior in the left and right side of the brain. During 

the first 5.5 h there is a period of faster movement, coinciding with the largest 

shift, and then remains almost static (see Fig. 17). However, when calculating 

the speed relative to the nMLF, we observe deviations from the non-corrected 

values. The highest peaks are observed during the first 3 h (~10000 s), and for 

the left correction there is a second shorter peak before 5.5 h (~20000 s). 

Nonetheless, for the right side there are three additional high peaks at 3 h, 

16.5 h, and 21 h, compared to the non-corrected speed profiles. 

 

Additionally, we are interested on the displacement squared in order to 

determine if the neurons are in fact migrating. In Fig. 18 we present the 

displacement plots for and individual Tec neuron and the nMLF, at the left 

(see Fig. 18. Top) and right (see Fig. 18. Bottom) sides of the brain, showing 

both the original data (non-corrected trajectories) and the manually corrected 

data. On one hand, from the non-corrected data we observe that both the 

nMLF and the analyzed neuron are moving with time. In the left side, the 
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nMLF reaches a final value of ~3000 μm2, while the neuron tends to 5000 μm2. 

However, when correcting the displacement relative to the left nMLF we find 

that it increases steadily and that it has a lower value (< 1000 μm2). In the 

right side, the neuron and the nMLF exhibit a similar pattern for the 

displacement, with final values of ~3500 μm2, whereas the corrected 

displacement squared for the neuron is found to be < 500 μm2. 

(See Appendix D for position and velocity plots of manually corrected data 

used to derive speed and displacement plots).  

 

4.2.2. Tracking information from automatically drift corrected data 

 

From the automatic drift correction performed in imaris, we observed that 

the nMLF which were used to correct are not completely static during the 

time-lapse reconstruction. The left nMLF moves considerably in relation to 

the optic tectum neuron, while the right nMLF remains almost static 

compared to the movement of the right optic tectum neuron (see Fig. 19). 

However, when considering the displacement squared, there are clear 

differences both between the nMLF and the corresponding individual 

neurons, and between the left and the right side. In the first case, the left 

nMLF does not change its position significantly with time with respect to the 

analyzed neuron, which has an increasing displacement and attains a final 

value of ~400 μm2. On the other hand, the right nMLF also appears to remain 

static over time, but in this case fluctuations in relation to the individual 

neurons seem to be greater because the neuron reaches a lower displacement 

(< 100 μm2) (see Fig. 20).  
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Figure 17. Top. Plot of non-corrected speed for an individual optic tectum (Tec) neuron in the 

left side of the brain, the left nMLF, and the manually corrected speed for the neuron. Bottom. 

Plot of non-corrected speed for an individual optic tectum (Tec) neuron in the right side of the 

brain, the right nMLF, and the manually corrected speed for the neuron. 
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Figure 18. Top. Plot of non-corrected displacement squared for an individual optic tectum 

(Tec) neuron in the left side of the brain, the left nMLF, and the manually corrected 

displacement squared for the neuron. Bottom. Plot of non-corrected displacement squared for 

an individual optic tectum (Tec) neuron in the right side of the brain, the right nMLF, and the 

manually corrected displacement squared for the neuron. 
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Figure 19. Top. Plot of the drift corrected speed for an individual optic tectum (Tec) neuron in 

the left side of the brain, and the left nMLF. Bottom. Plot of drift corrected speed for an 

individual optic tectum (Tec) neuron in the right side of the brain, and the right nMLF. 
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Figure 20. Top. Plot of drift corrected displacement squared for an individual optic tectum 

(Tec) neuron in the left side of the brain, and the left nMLF. Bottom. Plot of drift corrected 

displacement squared for an individual optic tectum (Tec) neuron in the right side of the brain, 

and the right nMLF. 
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4.2.3. Comparison between tracking information from manually and 

automatically drift corrected data 

 

Now that we obtained the manually and automatically drift corrected data, 

it is necessary to compare the results from both methods before deriving any 

further conclusions about migration patterns of Tec neurons, because 

differences between the correction algorithms can greatly affect the final 

results. In one approach, manual correction was achieved by calculating 

separately the kinetic parameters relative to a unique stationary point (the 

nMLF), in the left and right side of the brain, while the Correct Drift algorithm 

in imaris transformed the image, leaving five selected spots stationary (four 

spots in the left and right nMLF and the MLF center of mass). Consequently, 

we obtained different patterns from both approaches. For the speed, we 

observe that the automatic correction gives a steadier pattern, whereas the 

manually corrected speed fluctuates over time. In the left side, we obtained 

the highest peak before 3 h, and lower peaks thereafter. In the right side, we 

observe high peaks before 5.5 h, and between 5.5 and 14 h the speeds exhibit 

a better match, followed by two peaks in the manually corrected speed (see 

Fig. 21). 

For the displacement squared, we observe that the manual correction gives 

higher values for both the left and the right side optic tectum neurons, 

compared with the automatic correction. The displacement of the neuron in 

the left exhibits an increasing behavior over time, but the manually corrected 

displacement shows a steeper increase during the first 5.5 h and reaches a 

higher final value (~8000 μm2) which doubles the displacement squared of 

the automatic correction. For the right side, the displacement squared of the 

manual and the automatic correction shows a very distinct behavior. The 

automatic correction again gives a lower displacement, and it also remains 
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almost steady around ~100 μm2, while the displacement from the manual 

correction increases until ~14 h, then decreases until ~19.5 h, and exhibits a 

similar behavior in the last 3 h (see Fig. 22). 

From these comparisons using only one dataset, it is not possible to 

determine which of the drift correction algorithms is more appropriate to 

describe the migration kinetics of Tec neurons. Nonetheless, because the 

approach used to manually correct the trajectories is more time consuming 

and does not give any additional, nor reliable information about the 

migration variables, we decided to do the subsequent MSD analysis using the 

automatically corrected data from Imaris. Furthermore, using this second 

approach we obtain not only the trajectories (x, y, and z positions over time), 

but a visual output from the drift corrected 3D reconstruction, which is useful 

in order to have an insight of the process.  

 



51 

 

  

Figure 21. Top. Plot of the manually and automatically drift corrected speed for an individual 

optic tectum (Tec) neuron in the left side of the brain. Bottom. Plot of the manually and 

automatically drift corrected speed for an individual optic tectum (Tec) neuron in the right 

side of the brain. 
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Figure 22. Top. Plot of the manually and automatically drift corrected displacement squared 

for an individual optic tectum (Tec) neuron in the left side of the brain. Bottom. Plot of the 

manually and automatically drift corrected displacement squared for an individual optic 

tectum (Tec) neuron in the right side of the brain. 

 

4.3. Analysis of single particle trajectories: insights from mean squared 

displacement (MSD) analysis 

 

To analyze single particle trajectories as a series of positions over time, the mean 

squared displacement (MSD) is one of the most frequent measurements, mainly 

because it is easy to compute and there are no discretization effects, regardless of 

the recording type (continuous or discrete) [45]. For MSD analysis, we used the 

automatically corrected data and selected seven trajectories of optic tectum neurons 

in the left side of the brain, with 48 time-points each (△ 𝑡 = 30 𝑚𝑖𝑛). We decided to 

analyze the migrating behavior in this side because, different from the right side, 

we observe distinct trajectories given by the track straightness, which could 

correspond to a differential effect of drift (see Fig. 23 and Appendix E). Referring to 

Fig. 23, we observe that trajectories of neurons in the right Tec describe a more 
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curved-closed pattern when compared to the left Tec neurons. Moreover, given that 

the head rotates towards the left side of the brain, we suggest that this effect remains 

even after performing the drift correction, affecting the obtained migration patterns.   

 

Figure 23. (A). Plot of the trajectories projected on the x-y axis for neurons in the left Tec. (B). Plot of the 

trajectories projected on the x-y axis for neurons in the right optic tectum. Arrows point trajectories with 

different track straightness, showing a possible differential effect of drift correction. 

 

From the left side trajectories, we subset the data according to the track straightness 

in order to determine if there are differences between trajectories. For the neurons 

showing a straighter trajectory (see Fig. 24A), we observe that the MSD curves 

exhibit a linear behavior until ~20000 s (~5.5 h), and then it acquires an upward 

concavity (see Fig. 24B), possibly indicating a combination between normal 

diffusion and directed motion. Similarly, for the second selection of more closed-

curved trajectories (see Fig. 25A) we observe both a linear and a parabolic curve, 

also with upward concavity, regardless of observable differences in track 

straightness.  
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Figure 24. (A). Plot of the trajectories projected on the x-y axis for selected neurons in the left optic tectum 

(Tec) showing a straighter trajectory, and the left nMLF (black). (B). Plot of the corresponding MSD curves 

from the 3D MSD analysis, using the drift corrected data. 
 

       

Figure 25. (A). Plot of the trajectories projected on the x-y axis for selected neurons in the left optic tectum 

(Tec) showing a more closed-curved trajectory, and the left nMLF (red arrow) (B). Plot of the corresponding 

MSD curves from the 3D analysis, using the drift corrected data.  
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Figure 26. (A). Plot of the mean MSD using the MSD curves of individual left Tec neurons showing a 

straighter trajectory. (B). Plot of the mean MSD using the MSD curves of individual left Tec neurons 

showing a more closed-curved trajectory. 

 

A more illustrative plot to observe the MSD behavior of the selected Tec neurons is 

the mean MSD from the MSD curves. In this case, the MSD analyzer computes a 

weighted average over the given individual MSD curves, considering the number 

of averaged delay, and the grayed area shows the weighted standard deviation. 

With this plots (see Fig. 26), on average we still observe an initial linear behavior, 

and the subsequent quadratic behavior. Additionally, neurons with a straighter 

track show an increasing standard deviation when compared to neurons with 

closed-curved trajectories. Finally, performing a log-log fit on the MSD curves we 

obtain α values ranging from 0.98 to 1.19, which also indicates a motion close to pure 

diffusion in the first 25% of the curve. 

 

 

5. Discussion 

The aim of this thesis project was to develop a method to image, identify, and 

characterize migration patterns of neurons in the developing zebrafish brain. Using the 

SPIM, we identified neural structures expressing F-spondin at early developmental 
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stages (24 hpf) of the zebrafish, which has not been reported in previous literature. With 

our methodology, we were also able to do both a 2D and 3D reconstruction of the 

development of the zebrafish brain between 46 and 70 hpf. Given that the embryo 

exhibited shifts during the recorded stages (24-38 hpf, 46-70 hpf), we applied drift 

correction algorithms in order to track individual cell migration. In one hand, we 

observed that there was a clear discrepancy between the drift correction using relative 

positions and the automatic correction performed by the software imaris. This was 

probably due to essential differences in the calculation algorithms, because in the first 

case we used a unique reference point to correct positions, while the automatic 

transformation fixed five points during the whole reconstruction. We expected to obtain 

more consistent results nonetheless. In general, we found that manual corrected 

trajectories showed deviations from the automatic trajectories, and the reported values 

were also greater, almost doubling the automatic values. 

 

Since the manual correction approach is more time consuming and did not give reliable 

information, we used automatically corrected data from Imaris. We did a MSD analysis 

on the trajectories of the optic tectum neurons in the left side of the brain, in order to 

infer the diffusion mechanisms that could be guiding their migration. We observed that 

the MSD curves had both a linear and a quadratic behavior, suggesting a combination 

between both pure diffusion and directed motion. However, the linear behavior is 

identified during the first time lags (~5.5 h), which coincides with the period of largest 

head shift. It is possible that the effect of the drift correction is not sufficient and we 

could be accounting for a random motion resulting from the correction algorithm. 

Additionally, we observed these differential effects when comparing left and right 

trajectories from the Tec neurons (see Fig. 23 and Appendix E). 

 

Finally, MSD curves for the initial time lags, exhibiting linear behavior, is supported by 

the α fit values being close to 1. For larger time lags the behavior is then quadratic, 

showing a motion type of directed diffusion. In this sense, regardless of the effects of the 
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drift correction, it is possible that the neurons first show a freely diffusive motion 

moving randomly, and then switching to a directed mechanism in response to 

developmental cues guiding cell migration. However, it is possible that this neural 

circuit exhibit a more complex migration pattern, including different types of diffusion 

which are not easy to identify through a MSD analysis of a single dataset. Thus, we need 

more replicates to track not only more individual neurons, but to increase the time 

points covering the whole developmental process of the optic tectum in order to 

determine the mechanisms guiding Tec neurons.  

 

6. Future work 

This thesis project constitutes the first collaborative initiative using light sheet 

microscopy to gain insights on zebrafish development, at Universidad de los Andes. 

Hence, although we were not able to propose a migration model based on diffusion 

mechanisms, this work gives us the basis to continue the study of F-spondin and its roles 

in the developing zebrafish embryo. Regarding the vertebrate nervous system, it is 

known that it undergoes a progressive regionalization during development, with large 

morphological subdivisions, functional specializations, or local regions [46]. 

Particularly, the optic tectum is the largest subdivision, located dorsally in the midbrain 

region. It is a very useful model for the development of visual circuits, and questions 

related to axon guidance, the retinotopic map, and the laminar organization have 

already been explored. More recently, studying the relation between the laminar 

disposition and direction selectivity in optic tectum neurons have showed that there is 

a clear correlation between cell morphology, laminar targeting, and direction preference 

[47]. However, the mechanisms governing optic tectum development remain unknown 

[46].  
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In this sense, given that these neurons can be traced from early developmental stages, it 

would be interesting to do more observations to identify the reported differences 

between the cell types within the optic tectum, until 4-5 dpf, when the laminar 

disposition is evident (see Fig. 21). Furthermore, since there is a spatiotemporal 

correlation between the maturation state of a cell and its position in the optic tectum, we 

could also relate this with the migrating patterns of the different type cells. If F-spondin 

is an important player during the formation of this circuit, we would expect to find clear 

differences in the migration profiles for embryos with the defective protein. 

 

 

 

Figure 27. (A). MIP of the brain of a 5 dpf zebrafish embryo, obtained with the SPIM. The red square 

shows the developed optic tectum region (taken by Biophysics, Uniandes). (B) Optical section of the 

central region of one tectal hemisphere, from a Tg(Oh:G-4;UAS:GCaMP3). Scale bar: 20 μm (from [47]). 

 

A 

B 
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On the other hand, we reported preliminary results relating to the habenular circuit. We 

observed a symmetric cluster of neurons located along the diencephalon, which could 

be a group of pioneering cells for the habenular nuclei. This is very promising because 

with the transgenic line (spon1b:GFP) we could identify habenular progenitors even 

before 24 hpf, since GFP has been detected around 15-16 hpf, and a stronger signal by 

18 hpf [7]. To achieve this, we need to improve image acquisition and processing, due 

to the larger shifts in the zebrafish head at this early developmental stages. Additionally, 

it will be necessary to do prior assays to give anatomical context, to do a better 

identification of the structures of interest. This could be achieved by specifically labeling 

cell membranes with other fluorescent labels such as DAPI (4',6-diamidino-2-

phenylindole) or RFP (red fluorescent protein), to image the embryo with the two-color 

SPIM for both fluorescent signals (GFP and red dye). With this approach it would be 

easier to compare with available anatomical references. 
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Appendix 

 

Appendix A 

Preparation of egg water 

1. Prepare 0.6 g/L aquarium salt in RO (reverse osmosis) or DI (deionized) water. 

2. Add 0.01 mg/L methylene blue to the previous solution. 

Note: Measured conductivity should be of 500 μS and pH level at 7.2. 

 

Appendix B 

Material preparation for embryo mounting on FEP tubes 

 

The following are standard protocols found in [37].  

 

Preparation of FEP tubes 

1. Clean the FEP tube by flushing liquids through the tube and using a syringe attached 

with a blunt end cannula (a micropipette with a fine tip can also be used). The use 

of gloves is necessary throughout the whole procedure. 

1. First flush the tube with 1 M NaOH repeatedly. Then transfer the tube to a 

50 ml centrifuge tube filled with 0.5 M NaOH and ultrasonicate it for 10 min. 

2. Transfer the polymer tube to a small basin with ddH2O. Flush the tube first 

with ddH2O and then with 70% EtOH. 

3. Subsequently transfer the FEP tube to a fresh centrifuge tube with 70% EtOH. 

Again ultrasonicate this centrifuge tube for 10 min. 

2. Cut the cleaned FEP tube into pieces of about 3 cm (a typical length for use in 

zebrafish mounting and imaging) and straighten them if necessary. Store the 

cleaned FEP tubes in a fresh 50 ml centrifuge tube filled with ddH2O. 

 

 

 

http://www.jove.com/science-education/5070/restriction-enzyme-digests
http://www.jove.com/science-education/5019/an-introduction-to-the-centrifuge


64 

 

Preparation of Tricaine stock solution  

1. Prepare 0.4% Tricaine stock solution by dissolving 400 mg Tricaine in 97.9 ml 

ddH2O. After the powder has completely dissolved, adjust the pH to 7.0 using 2.1 

ml 1M Tris (pH 9.0). Refrigerate the solution. 

 

Preparation of 1.5% and 0.1% agarose  

1. Dissolve the appropriate amount of low melting point agarose powder in a defined 

volume of egg water in a glass flask. Heat up the mixture in a microwave (or in a hot 

plate) and shake it once in a while, until the agarose solution appears homogeneous, 

without any remaining crystals. Solutions can be stored at 4 °C. 

 

Appendix C 

Top view of the SPIM setup 

 

 

A 

http://www.jove.com/science-education/5026/understanding-concentration-and-measuring-volumes
http://www.jove.com/science-education/5030/making-solutions-in-the-laboratory
http://www.jove.com/science-education/5043/regulating-temperature-in-the-lab-applying-heat
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Figure C1. Top view of the SPIM parts. A. Laser launch. B. AOTF and periscope. C. Illumination and 

detection arms. 

 

 

 

 

B 

C 
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Appendix D 

 

 

Figure D1. Plots of non-corrected positions for an individual optic tectum (Tec) neuron in the left side 

of the brain, the left nMLF, and the manually corrected positions for the neuron. Top left. Positions 

along the x axis. Top right. Positions along the y axis. Bottom. Positions along the z axis. 
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Figure D2. Plots of non-corrected positions for an individual optic tectum (Tec) neuron in the right 

side of the brain, the right nMLF, and the manually corrected positions for the neuron. Top left. 

Positions along the x axis. Top right. Positions along the y axis. Bottom. Positions along the z axis. 
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Figure D3. Plots of non-corrected velocities for an individual optic tectum (Tec) neuron in the left side 

of the brain, the left nMLF, and the manually corrected positions for the neuron. Top left. Velocities 

along the x axis. Top right. Velocities along the y axis. Bottom. Velocities along the z axis. 
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Figure D4. Plots of non-corrected velocities for an individual optic tectum (Tec) neuron in the right 

side of the brain, the right nMLF, and the manually corrected positions for the neuron. Top left. 

Velocities along the x axis. Top right. Velocities along the y axis. Bottom. Velocities along the z axis. 
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Appendix E 

MSD curves for optic tectum neurons in the right side of the brain 

MSD curves for optic tectum neurons in the right side of the brain exhibit a distinct behavior 

when compared to the left side curves. In this case, there is a linear tendency for initial time 

points, but at final time points there is a fast decreasing behavior, probably due to the MSD 

greater variance.  

 

 

Figure E1. Plot of the MSD curved of optic tectum (Tec) neurons in the right side of the brain, after 

performing drift correction with the right nMLF. 

 

 

 

 

 


